ABSTRACT The purpose of this study was to assess the persistence and accumulation of the Cry1Ab protein in soil as a result of sustained planting of genetically modiÞed Bacillus thuringiensis (Bt) corn hybrids. Soil samples were collected from agricultural Þelds in Þve corn-growing regions of the United States where Bt corn hybrids (MON 810 or Bt11) had been planted for at least 3 consecutive yr. At each site, soil samples were collected during the corn-growing period (postanthesis) and again within 6 wk after harvest. Multiple soil specimens from matched Bt cornÞelds and nearby, non-Bt control Þelds were analyzed by diet-incorporation insect bioassay, using growth inhibition (GI) of the European corn borer (Ostrinia nubilalis) as the toxicity endpoint. Positive control soil samples containing Cry1Ab protein at the GI 50 level (0.05 g/g soil) were analyzed in tandem with test and control samples to verify that the bioassay was able to detect low levels of Cry1Ab protein. The limit of detection for Cry1Ab protein in soil was 0.03 g/g soil. The presence of Cry1Ab protein in soil was assessed by statistical comparison of the insect toxicity (GI) of soils collected from Bt and non-Bt (control) cornÞelds. Only one soil sample, collected postanthesis in a Bt cornÞeld that had also been treated with carbofuran insecticide, showed insect toxicity. This toxicity was below the GI 50 level, and no toxicity was detected in the soil collected from the same plot shortly after harvest. Therefore, there is no evidence of persistence or accumulation of Cry1Ab protein in soils from Þelds planted for at least three consecutive growing seasons with Bt corn hybrids.
SOIL PERSISTENCE, ACCUMULATION, AND degradation of the Cry proteins produced by genetically modiÞed (GM) Bacillus thuringiensis (Bt) plants have generally been studied using soil degradation models in the laboratory (Palm et al. 1994 , Tapp and Stotzky 1995a , b, 1998 , Sims and Holden 1996 , Koskella and Stotzky 1997 , Crecchio and Stotzky 1998 , Stotzky 2000 , Herman et al. 2001 , Mendelson et al. 2003 or by measuring its degradation within the tissue of GM plants (Zwahlen et al. 2003) . Some varieties of Bt corn produce Cry1Ab protein (based on an insecticidal protein produced by B. thuringiensis) for control of lepidopteran pests. Laboratory studies of Cry protein degradation in soil, submitted to the U.S. Environmental Protection Agency (U.S. EPA 2001) in accordance with regulatory testing requirements for Bt crops, have shown that most of the Cry protein is degraded within a few days (U. S. EPA 2001). These studies have been designed to assess the inherent degradative ability of soils on speciÞc proteins under deÞned conditions. However, the presence of Cry1Ab protein in the soil of cornÞelds on which Bt corn hybrids have been grown has not been assessed under sustained multi-year corn production conditions, and the relevance of the various laboratory soil models to the environmental fate of the Cry1Ab protein has remained speculative. Some studies have suggested a possible continuous supply of Cry1Ab protein to soil during the period of active corn growth through root exudation of the protein , 2004 , Saxena and Stotzky 2000 , although there have been no measurable effects on earthworms, bacteria, fungi, protozoa, nematodes, and other soil dwelling organisms (Saxena and Stotzky 2001 , U.S. EPA 2001 , Mendelsohn et al. 2003 . A study of soil samples collected from cotton Þelds in which Bt cotton was grown did not detect residues of the Cry1Ac protein produced by Bollgard cotton plants (Head et al. 2002) . However, the relative lack of environmental fate data for Bt proteins under agricultural Þeld conditions prompted the EPA to require, as a condition of their October 2001 extended approval to market Bt corn varieties, that registrants conduct further studies on the possible persistence or accumulation of Cry1Ab protein in soils where Bt corn had been planted for Ն3 consecutive yr (U.S. EPA 2001).
This study was sponsored by member companies of the Agricultural Biotechnology Stewardship Technical Committee (ABSTC), namely the Monsanto Company, Syngenta Seeds, and Pioneer Hi-Bred, in response to the EPA request. For this study, Þelds planted with Bt or non-Bt corn hybrids were selected in Þve different corn-producing states to provide diversity in agronomic conditions and soil characteristics. Soil sampling times were chosen to maximize the possibility of detecting the Cry1Ab protein. Samples were collected at two time intervals during the last of at least 3 consecutive yr of corn production: (1) shortly after anthesis (immediately after pollen shed had ceased) and (2) within 6 wk after grain harvest. The postanthesis period was assumed to be the most likely sampling interval to produce detectable Cry1Ab protein concentrations during the growth season, because the plants had reached maximal biomass, corn pollen had already reached the soil surface, and any Cry1Ab protein exuded from the roots (if a signiÞcant source) may have accumulated in soil after the period of maximum plant Cry1Ab protein expression. The postharvest sampling time was chosen to measure any contribution of Cry1Ab protein from decaying corn biomass residue remaining on, or incorporated into, soil as a result of corn harvesting operations.
Materials and Methods
Test System and Field Selection. The test system consisted of soil samples collected from Þve Þeld locations that were representative of corn growing conditions in the United States, in areas with historically high adoption of Bt Þeld corn. Field sites were located in Iowa, Illinois, Maryland, South Dakota, and Wisconsin. Field sites were selected to provide diverse conditions in terms of geography, soil properties, and crop management practices. Bt corn hybrids had been used consecutively for at least 3 yr at each site, including the year when soil samples were collected (2002) . The sites from which test soil samples were collected had been planted with Pioneer brand MON 810 Bt Þeld corn (Iowa, Illinois, and South Dakota), Syngenta Seeds NK brand Bt11 Þeld corn (Wisconsin), or Syngenta Seeds Attribute brand Bt11 sweet corn (Maryland). Control soil samples were collected from nearby Þelds where non-Bt corn (Pioneer, Syngenta Seeds, DEKALB) or soybeans (Asgrow) had been planted. The control Þelds had no history of use of Bt corn, foliar Bt-based products, or any other (noncorn) Bt crops. Each plot was large enough to be farmed in a manner representative of commercial corn production, typically ranging from 0.8 to 4 ha in size. The control plots were located at least 60 m away from any Bt crop or any crop sprayed with a Bt pesticide. Herbicides, fungicides, and fertilizers were applied as needed to maintain normal agronomic crop conditions. Insecticides were avoided, because they could interfere with insect bioassays of soil samples. However, in one site (Iowa), the farming cooperator applied the chemical insecticide, Furadan (carbofuran), because of insect infestation (pre-and posttreatment soil samples were collected).
Soil Collection Procedures. Soil samples were collected for three purposes: (1) soil characterization; (2) Cry1Ab protein analysis (insect bioassay); and (3) assessment of possible bioassay interference by carbofuran insecticide residues at the Iowa site. Soil samples collected for soil characterization were a composite of subsamples from at least Þve representative locations within each test and control Þeld. The subsamples were taken from the top 15-cm-depth horizon using a soil-corer. A 500-g specimen of each composite sample was shipped to AGVISE Laboratories (Northwood, ND) at ambient temperatures for soil characterization assays. Soil samples designated for Cry1Ab protein analysis (insect bioassay) and Iowa samples used for carbofuran analysis were taken near individual corn plants but at a distance sufÞcient to minimize inadvertent collection of root tissue with the soil sample. Soil subsamples were taken at least 1 m away from a previously sampled point and at least 5 m away from the edge of the plot. The soil surface at the sampling spot was cleared of debris before sample collection. Fifteen subsamples, 15 cm deep, were collected with a soil-coring device from 15 separate and random locations within each plot. The 15 subsamples were thoroughly mixed in a container to create a single composite soil sample per plot. Visible plant or root material was manually removed from the sample composite. Approximately 1 kg of each composite sample was placed into a container for shipment, and extra sample material was discarded outside of the plot area. Soil samples were frozen on dry ice within 15 min after collection in Illinois, Iowa, South Dakota, and Wisconsin and within 1 h of collection at Maryland and shipped on dry ice by overnight carrier to Monsanto Company Laboratories, where they were placed in frozen storage (approximately Ϫ80ЊC) on arrival.
Soil Collection Times. Samples for soil characterization were collected before planting. Soil samples for Cry1Ab analysis were collected at two different times, designated as "Soil-1" and "Soil-2." Soil-1 samples were collected immediately postanthesis (between 23 July 2002 and 8 August 2002 at the various locations), when pollen could be present on the soil surface. Pollen shed had been completed, and at least 50% silking was observed at the time of Soil-1 sample collection in all Bt cornÞelds. Soil-2 samples were collected within 6 wk after grain harvest, be- Physicochemical Soil Characterization Assays. Soil from all Þeld sites was characterized with regard to the following properties: percent sand, silt, and clay; USDA textural class; bulk density; percent organic matter; soil pH; cation-exchange capacity; and Þeld moisture capacity. Characterization was performed at AGVISE Laboratories, under EPA Good Laboratory Practices (GLP), using AGVISE Laboratories stan-dard procedures for Series-1 soil analysis (Black et al. 1965 , Liegel et al. 1980 , Isaac 1984 , Dahnke 1988 .
Cry1Ab Protein Analysis by Insect Bioassay. A dietincorporation insect bioassay was used to analyze soil samples for the presence of Cry1Ab protein. Fieldcollected soil samples were incorporated into a multispecies lepidopteran diet (Southland, Lake Village, AR), which was fed to a Cry1Ab-susceptible insect, the European corn borer (Ostrinia nubilalis). The soil was sieved through a 2-mm mesh sieve (USA Standard 10 sieve; Fisher ScientiÞc, Pittsburgh, PA) before diet incorporation. The sieving removed stones, plant tissue, and other soil debris, allowing production of homogeneous soil and insect diet mixtures and consistent transfer of replicate samples to assay trays.
The mixture of insect diet and soil was dispensed using a repeat pipetter equipped with a modiÞed 12.5-ml dispenser syringe and a large aperture pipette tip (United Laboratory Plastics, St. Louis, MO). The pipette tips were modiÞed by cutting Ϸ1 cm of plastic material from the end of the tip, allowing soil particles suspended in the insect diet to pass easily through the larger pipette-tip oriÞce. Soil samples, collected from Þelds in which either Bt or non-Bt (control) corn hybrids were grown, were combined with insect diet to yield a mixture of 15% soil in diet, the maximum that could be incorporated into insect diet while ensuring homogeneity and reproducibility during handling and dispensing of the soil-diet mixture.
The soil-diet mixture was prepared as follows: a soil sample, 3.75 g (as is; moisture ranged from 3 to 24%), was weighed into a 50-ml tube, 5 ml of water was added, and the slurry was blended using a vortex mixer. Warm (48 Ð56ЊC) insect diet was added to the soil-water mixture, and the tube was mixed again (vortex mixer) until it was thoroughly blended. The soildiet mixture was transferred into 16 wells of a bioassay tray (CD International, Pitman, NJ), 0.5 ml in each well. The soil-diet mixture was allowed to cool and solidify before adding one Þrst-instar European corn borer to each well using a Þne paintbrush. Each bioassay tray containing 16 larvae was considered an experimental replicate. European corn borer eggs were purchased from French Agricultural Research (Lamberton, MN). Eggs were incubated at temperatures ranging from 10 to 30ЊC depending on the desired hatching time. The wells of the bioassay tray were covered with an adhesive cover, perforated for ventilation, and incubated for a target period of 7 d at Ϸ27ЊC and 60% RH.
After incubation, insects from any given soil sample replicate were removed from the tray using soft forceps and weighed collectively. Insect mortality and estimated instar were also recorded. Six replicates of soil-diet mixture (each containing 3.75 g soil) were concurrently assayed for each test and control soil sample (a total of 16 wells ϫ 6 replicates ϭ 96 insects per soil sample). A few isolated bioassay sets had 94 or 95 insects, because one or two of the six replicates contained 15 instead of 16 insects. Positive control samples were analyzed with every bioassay set to conÞrm that Cry1Ab protein could be detected if it were present in the test samples. Positive control samples consisted of control soil amended with Cry1Ab protein (puriÞed from a microbial expression system) at a concentration of 0.05 g/g soil (0.008 g Cry1Ab protein/ml of soil-insect diet mixture). Average insect weight was calculated for each replicate sample. The limit of detection (LOD) of Cry1Ab protein in the European corn borer bioassay was 0.03 g/g soil.
Analysis of Iowa Soil Samples for Carbofuran Residues. Soil samples from the Iowa Þelds that had received Furadan (carbofuran; CAS 1563-66-2, FMC Agricultural Products, Philadelphia, PA) insecticide applications, and supplemental soil samples collected pre-and post-Furadan application, were shipped frozen to Syngenta Crop Protection (Greensboro, NC) for carbofuran residue analyses. The soil samples were subjected to the extraction procedure described in EPA Method 8318A and analyzed by liquid chromatography/electrospray ionization/mass spectrometry/mass spectrometry (LC/ESI/MS/MS).
Statistical Analysis. An ordinary analysis of variance (ANOVA) was performed on the mean insect weights obtained from the insect bioassay of the soil from the Bt and non-Bt corn plots and the positive control soil using a statistical model corresponding to a complete random design. A natural logarithm transformation was applied to the mean insect weight to achieve a homogeneous variance among soil types, after a preliminary study indicated that the logarithm transformation would effectively stabilize the variance of the mean insect weight across a range of Cry1Ab protein concentrations. The pooled residual variation was 
Results and Discussion
Test sites were located in Þve U.S. states, representing diverse soil types and a wide variety of geographic and agronomic conditions for corn production. Physicochemical soil characteristics are shown in Table 1 . The clay content of the test (Bt) soils varied from 11% (Maryland) to 25% (Illinois and South Dakota). The clay and humic acid components of soils have been reported to bind Cry1Ab protein and provide protection from microbial degradation (Crecchio and Stotzky 2001) . Other soil parameters that may inßu-ence binding or persistence of Bt proteins (soil pH, organic matter content, and cation-exchange capacity) were also represented in broad ranges.
Results of insect bioassays of soil samples collected after anthesis (Soil-1) and after harvest (Soil-2) are shown in Tables 2 and 3 , respectively. The mean weight of larvae exposed to Bt soils was compared with that of larvae exposed to non-Bt soils from the matched control sites. Insects affected by Cry1Ab protein in the positive control diet experienced growth inhibition (GI), i.e., their weight was lower than that of insects growing on diets that did not contain Cry1Ab protein. Figure 1 shows a typical GI of European corn borer larvae as a function of Cry1Ab protein concentration in soil, measured by insect bioassay. A statistical difference between the positive control soil (0.05 g Cry1Ab protein/g soil) and the soil in which non-Bt corn was grown was required for the bioassay results to be considered valid. Table 4 shows the results of the ANOVA used to test the effect of the soil-diet mixture on exposed insects for each soil site and each sampling time. Results are tabulated as the logarithm of the bioassay response (mean insect weight). SigniÞcant differences were observed between the soil from the Bt and non-Bt corn sites in only two cases: the postanthesis sampling period at the Iowa Bt corn site and the postharvest a Bt (Ϫ) control, soil from non-Bt (control) plots; Bt (ϩ) control, soil from non-Bt control plots, amended with Cry1Ab protein; test, soil from Bt plots (Bt-corn grown for a minimum of 3 consecutive yr); Soil-1, soil sample collected after corn anthesis in the last corngrowing year.
b Percent insect growth inhibition is calculated versus the non-Bt control.
c Insect growth inhibition presumed to be caused by carbofuran insecticide application in the Iowa test Þeld (see carbofuran residue analysis in Table 5 ). a Bt (Ϫ) control, soil from non-Bt (control) plots; Bt (ϩ) control, soil from non-Bt control plots, amended with Cry1Ab protein; test, soil from Bt plots (Bt-corn grown for a minimum of 3 consecutive yr); Soil-2, soil sample collected after corn harvest in the last corn-growing year.
period at the South Dakota site. As shown in Table 4 , the South Dakota control (non-Bt) sample showed more insect toxicity (GI) than the sample from the Bt-corn plot. Therefore, the signiÞcant difference in the South Dakota soil is probably unrelated to the presence of Cry1Ab protein.
The detection limit was 0.03 g/g soil, the lowest concentration of Cry1Ab protein in soil that caused a statistically signiÞcant insect GI. Insect GI was used as the toxicity indicator in the bioassay, because sublethal GI was detectable at much lower soil concentrations of Cry1Ab protein than those needed to cause signiÞcant mortality, thus allowing more sensitive detection of Cry1Ab protein in soil. The published LC 50 for European corn borer mortality is 3.6 g/ml insect diet (McIntosh et al. 1990) , which corresponds to a calculated 24 g/g soil based on the incorporation of 15% soil into insect diet. The average EC 50 for European corn borer GI in soil was Ϸ0.05 g Cry1Ab per g soil (0.008 g Cry1Ab/ml diet), as determined by bioassay of control soils from the Þve sites, amended with a range of Cry1Ab protein concentrations. Although insect mortality was also recorded, no significant mortality was detected in any test, control, or positive control sample, whereas 71Ð90% insect GI was observed for the Cry1Ab-amended positive control soils (Tables 2 and 3 ).
The postanthesis soil sample from the Iowa Bt corn site showed a signiÞcant GI versus the soil on which non-Bt corn was grown. Some of the bioassay response for this soil sample was probably caused by the presence of residues of carbofuran insecticide (discussed below).
During the sample collection phase of the study, the Iowa Þeld cooperator reported that the chemical insecticide, Furadan (carbofuran), would be applied at the site before collection of the Þrst (postanthesis) study sample. Because carbofuran may be toxic to the European corn borer and could interfere with the Cry1Ab insect bioassay, the Iowa cooperator collected samples of the non-Bt and Bt plots before (24 May 2002) and after (2 July 2002) the Furadan application. These samples were analyzed for carbofuran by European corn borer insect bioassay and chemical residue analysis. Samples collected before Furadan application did not contain carbofuran residues and did not elicit a bioassay response, whereas samples collected after Furadan application contained carbofuran residues and elicited a signiÞcantly different insect bioassay response compared with the preFuradan samples (Table 5 ). The Iowa soil samples collected for analysis of Cry1Ab protein (8 August 2002) contained carbofuran residues of approximately the same magnitude as those shown in Table 5 for the In conclusion, repeated cultivation of Cry1Ab-expressing corn plants for three or more consecutive growing seasons did not result in accumulation or persistence of Cry1Ab protein in soil. Bioassay results showed a lack of growth inhibition of European corn borer for soils collected in four of Þve test Þelds, representing three different textural soil types and Þve different corn-growing areas of the United States. These results indicated that there were no detectable bioactive Cry1Ab protein residues in these soil samples. Insect growth inhibition was only observed in a single Iowa sample collected immediately after the corn anthesis period, although it is likely that application of carbofuran insecticide contributed to the insect toxicity of this sample. There was no insect toxicity, i.e., no detectable Cry1Ab protein, in the Iowa soil sample collected after harvest, suggesting that any insecticidally active Cry1Ab protein or carbofuran insecticide residue had dissipated by the end of the season. Overall, this study supports the conclusion that, under actual conditions of sustained commercial use, the Cry1Ab protein does not persist or accumulate in soil after the repeated cultivation of Bt corn plants expressing the Cry1Ab protein.
